Animals rely on chemical signals to forage for food, shelter, and mates. Such behaviors call for odor cues to be linked to locations within their environment . Nonetheless, where and how this happens in the brain is not known. Here, we show that spatial and olfactory information converge in posterior piriform cortex (pPCx), an olfactory region with strong associative circuity.
and C ). However, we found that individual neurons also displayed mixed selectivity for both odor identity and the location where the odor was sampled ( Fig. 2, A and D ) . Strikingly, some neurons even fired selectively with respect to location but not odor identity ( Fig. 2, A and B ). In fact, across the entire set of pPCx recordings, we found that more pPCx neurons were selective for location than for odor identity (40% vs. 29%, Fig. 2E ), and the fraction of neurons that were selective for location and not odor identity was higher than the fraction showing odor selectivity alone (24% vs. 13%, Fig. 2E ). The fraction of mixed selectivity neurons which were jointly selective to both odor and location (16%) was greater than predicted chance (chance level: 11.6%, binomial proportions test, p<0.05), indicating potential associative mechanisms for odor and location representations in pPCx. In these analyses of selectivity and responsivity, we aligned pPCx spike times to odor onset time. Similar results were obtained when we aligned spike times to first inhalation after odor onset (data not shown). Beyond location and odor identity, pPCx population was not significantly selective for other task variables such as egocentric actions (left versus right turn) or water reward (correct versus error) ( Fig. S4 ).
To control for the possibility that the spatially-restricted firing of pPCx neurons reflected the influence of stray odors on the maze (potentially deposited by the rat ( 28 ) , each recording session was split into two blocks, separated by a 15-20 min interval during which the rat was removed and the maze and ports were thoroughly cleaned with disinfectant and an enzymatic cleaner ( Fig. 2J , see Methods). We found that spatial firing rates of individual neurons across the two blocks within a session were stable across locations ( Fig. 2, K to M, Fig. S3 ). We quantified the stability of location representation between the two blocks by calculating the pairwise Pearson's correlation coefficient for population activity across different locations in these two blocks ( Fig. 2M, left ) . Values along the diagonal band in the correlation coefficient matrix represent the similarity of the pPCx population response to the same location in two recording blocks. The correlation coefficient values were significantly higher along the diagonal than off-diagonal (r_diag = 0.78 ± 0.08 , r_offdiag = 0.58 ± 0.09, Wilcoxon rank sum test, p < 0.01 ), indicating that location representations were stable between blocks. Similar results were obtained when we examined all recorded pPCx neurons ( Fig. 2M, right . r_diag = 0.81 ± 0.02 , r_offdiag = 0.56 ± 0.02 , Wilcoxon rank sum test, p < 0.001 ). Together, these findings show that uncontrolled odor cues on the maze are unlikely to account for the pPCx location representations observed. To further test whether the observed differential spatial activation of neurons might be the result of other non-spatial factors, we looked for systematic biases in behavior and neural responses that might result from the non-uniform availability of odors across the maze. However, no such biases were observed for individual rats or recording sessions ( Fig. 2F and H, also see Fig. 1E and F ).
We computed the Pearson's correlation coefficients between pairs of odor and location response vectors for the 284 odor-selective and 395 location-selective neurons ( Fig. 3A , similar results were obtained using the entire recorded population, Fig. S5 ) . Surprisingly, c orrelation coefficients for location pairs were significantly lower than for odor pairs ( Fig. 3, B and C , p < 0.001). Therefore, not only were more pPCx neurons selective across locations than odors ( Fig.   2E ), the pPCx population representation for different locations was also more distinct than for different odors. We next used linear classifiers (support vector machines, SVMs) to quantify how well an ideal observer could decode odor identity or port location by observing firing rates of pPCx neurons. Using a pseudo-population, pooling all recorded neurons across sessions, we found that near perfect decoding of location (90.2% ) could be achieved using approximately 250 pPCx neurons, whereas more than 600 neurons were required for maximum classification accuracy for odors (accuracy = 85.1% for 725 neurons) ( Fig. 3D , left) . Therefore, activity of pPCx ensembles appeared to be better at predicting port location over odor identity. M aximum odor decoding accuracy for CA1 neurons recorded in the same task was worse than pPCx for the same number of neurons (for 91 neurons, CA1 accuracy = 34 %, pPCx accuracy = 46%, see also Fig. S5D for CA1 population odor decoding across time). In contrast, fewer CA1 neurons were required to successfully decode the same locations ( Fig. 3D , right , 90 % for 46 CA1 neurons) , consistent with the prominent spatial information in CA1 populations. The relatively high number of pPCx neurons required to reach maximum classification accuracy for odors als o suggests that pPCx could be functionally distinct from anterior PCx (aPCx), where neurons encode odors with high fidelity ( 6 , 7 ) .
Next, to understand the temporal evolution of odor and location representations, we performed a decoding analysis in time using only simultaneously recorded pPCx populations, which also accounts for potential noise correlations ( 29 ) ( Fig. 3E ; cross-validated, chance is 25%, n = 33 sessions; 30 ± 13 neurons/session ). As expected, odor identity decoding only rose above chance after odor onset. Surprisingly, l ocation decoding accuracy had a very different time course that rose before odor onset ( Fig. 3E ). This reflects the fact that odor valves were only opened upon port entry (rats reached port locations on average X sec before odor onset,
Fig. S1D
), but more importantly, this reveals that decoding of location was not dependent on olfactory sensory drive. In fact, the accuracy of location decoding was similar in pre-versus post-odor onset periods ( Fig. 3F , blue dots, accuracy_pre = 43.0 ± 1.6 , accuracy_post = 47.4 ± 1.8 ).
One possibility is that this spatial information reflects task-related contextual signals only occurring around odor sampling. Alternatively, however, this spatial information could be something akin to a spatial map, in which case, we would expect to see spatial representation that is consistent and stable across behavioral states in the task. To examine this, we analyzed the stability of location representation of neurons around different behavioral events within the task and during the inter-trial interval (ITI), where no odors or rewards were delivered ( Fig. 4A , initiation, goal, and ITI epochs). Individual neurons displayed similar firing patterns across the maze and across these different behavioral epochs ( Fig. 4B ). At the population level, we quantified the stability of pPCx location representation by obtaining the similarity matrices for population location vectors across behavioral epochs. For both pPCx and CA1, location was similarly well encoded between initiation and goal epochs, as reflected by the diagonal axis of higher correlation coefficients in the similarity matrices ( Fig. 4C ). As evaluated by this method, the stability of pPCx spatial representations was similar to that of area CA1 ( Fig. 4E , r_ppc_same = 0.63 ± 0.04 , r_ppc_diff = 0.28 ± 0.03 , r_ca1_same = 0.64 ± 0.13 , r_ca1_diff = 0.17 ± 0.13 , Wilcoxon rank sum test, p < 0.05). Spatial stability also held between the initiation epoch and ITI ( Fig. 4C and D, r_ppc_same = 0.59 ± 0.03 , r_ppc_diff = 0.31 ± 0.03 , r_ca1_same = 0.54 ± 0.12 , r_ca1_diff = 0.12 ± 0.06 , Wilcoxon rank sum test, p < 0.05). We trained a linear classifier using firing rates from the initiation epoch and tested whether it was able to decode location from neural activity during goal or ITI epochs . Location classification was successful above chance and comparable to the cross-validated decoding during initiation ( Fig. 4E , pPCx: n= 27 sessions, 8-53 neurons/session. CA1: n = 12 sessions, 2-13 neurons/session). Together, these results demonstrate that spatial representation in pPCx can be dissociated from olfactory sensory drive and are stable and persistent across temporal and behavioral epochs.
What could be the functional relationship between the spatial signals we observed in pPCx and the hippocampus? To address this, we used coherence analysis ( 30 ) . We found that firing patterns of pPCx neurons, on average, were synchronous with respiration, as reflected by a continuous band of coherence that peaked in frequency during sniffing associated with odor sampling ( Fig. 5Bi ). As expected, spiking of CA1 population was coherent with hippocampal local field potential (CA1-LFP) ( 31 ) (Fig. 5Bii ). We quantified the coherence of spiking in individual pPCx neurons with sniffing or CA1-LFP, based on their decoding performance for odor or location ( Fig. 5C ). We found that the accuracy of location-coding pPCx neurons was selectively correlated with the strength of spike-to-CA1-LFP coherence, but not correlated to the strength of spike-sniff coherence ( Fig. 5Dii ). In contrast, the accuracy of odor-coding neurons was robustly correlated with spike-sniff coherence ( Fig. 5Di ), indicating that they were more coupled to feedforward sensory drive. This result was reproduced when we computed the difference in coherence for the best odor-decoding vs best location-decoding neurons ( Fig. S6 ).
Our findings here indicate that pPCx neurons carrying spatial information are preferentially and functionally connected to the hippocampal navigation circuit.
While the behavioral and neural basis of olfactory search behaviors such as plume-tracking and chemical gradient sensing have been studied ( 32 -35 ) , the manner in which rodents use odors as landmarks in the environment, in combination with their spatial memory system in order to guide navigation, has received much less attention ( 32 , 36 , 37 ) . In this study, we examined the function of rodent olfactory cortex while rats used odor cues for spatial navigation, and found that pPCx contained information not only about odor identity but also carried robust information about the animal's location throughout different behavioral contexts. In contrast, simultaneously recorded CA1 neurons largely encoded space and not odor identity. While pPCx odor-place map could be derived from and reciprocally interact with hippocampal spatial maps ( 12 ) , we posit that local learning and plasticity mechanisms within pPCx may also contribute to the spatial representations in pPCx. Indeed, consistent with an underlying associative mechanism for pPCx odor-place maps, the fraction of joint odor-location selective pPCx neurons is higher than chance-level prediction. This conjunctive representation of odor identity and location in pPCx has the necessary features to support navigation based on the use of odor locations as spatial landmarks, and could allow animals to anchor the presence of different odors within a spatial reference frame to guide navigation.
The prevalent use of olfactory learning in the investigation of hippocampal function ( 38 ) reflects the close functional relationship between olfactory and spatial memory systems. Lesion and perturbation studies have have been largely consistent with the canonical functional division between olfactory and hippocampal-entorhinal systems in attributing odor associations to olfactory cortex, and spatial memory to the hippocampal network ( 19 , 20 , 39 -42 ) . However, these previous studies have not examined activity in olfactory cortex during spatial behaviors.
Here, the existence in pPCx of odor-selective neurons that fire in a spatially restricted manner not only sheds new light on our understanding of olfactory cortex function during behavior, but also speaks to the fundamental question of how sensory information is anchored within memory systems and combined with cognitive maps in the brain to guide flexible behaviors.
Authorship Contributions:
The project was originally conceptualized by C.P. and Z.M. and further developed in Rats behave on elevated plus-maze with a nose port at the end of each arm. Each port can act as either an initiation (odor) port or a goal (reward) port. The rat initiates a trial by following a light cue to poke into a nose port to receive an (1 out of 4) odor stimulus. After a navigation period, the rat must poke into one of the four possible ports (North, South, West, or East port) to retrieve water reward. In a trial, an odor can be presented at any one of the four possible initiation ports. ( B) Odor to goal location contingencies. Odors can be presented at one of four possible initiation (odor) ports, but each odor is associated with a fixed goal (reward) location, resulting in a total of 16 different trial trajectories. ( C ) Reward at a particular location biases the choice probability of rats towards the same location in the following trial (mean ± S.D., n = 4 locations, 6 rats,~40,000 trials, see Supplementary Materials and Methods). Behavior of rats were positively biased for choosing the same location as previously rewarded location. ( D ) Reward for a particular action does not bias the choice probability for action in the following trial. Analysis similar as C (n = 4 actions). ( E ) Behavioral performance of rats was similar across all four odor identities (n = 3 implanted rats). ( F ) Behavioral performance of rats was similar across all four initiation (odor) port locations (n=3 implanted rats). . 29% of pPCx neurons were odor selective, 40% were location selective, and 16% were selective for both odors and locations. ( F ) Fraction of recorded cells in a session that was activated by each odor (n=44 sessions, mean ± S.D. ). Activation was defined as a significant difference in mean firing rate for 1 second after odor onset time compared to a 2 second baseline immediately preceding odor onset. Wilcoxon rank-sum test, p < 0.05, corrected for multiple comparisons. Results were not significantly different when spikes were aligned to the first inhalation after odor onset instead of odor onset time. ( G ) Histogram of number of odors that activate cells in a session. ( H ) Fraction of recorded population in a session that was activated at each port location ( n=44 sessions). Activation was defined as a significant difference in mean firing rate for 1 second after initiation (odor) port poke-in to a 2 second baseline immediately preceding poke-in. Wilcoxon rank-sum test, p < 0.05, corrected for multiple comparisons. 
Supplementary Figures S1-6
Figure S1. Odor sampling behavior in task. ( A ) Odor sampling duration in 3 recorded rats. Minimum of 150ms of odor sampling is enforced. ( B ) Navigation duration in 3 recorded rats, as defined by time between initiation (odor) port poke-out and goal port poke-in. Goal ports were only active (reward available) after a 2 second delay after rat left odor port. This was to discourage rats from staying at the same location. ( C ) Performance for trials in which odor sampling location is the same as goal location (stay) is higher than other actions (n = 3 rats, 44 sessions; performance left: 68 ± 0.09; right: 70 ± 0.1; straight: 69 ± 0.07; stay: 78 ± 0.04). ( D ) Distance to initiation port location aligned to odor onset time (n = 3 rats, 44 sessions). ( E ) Sniffing behavior on maze in one example session. Heat map of basal sniffing behavior (2 Hz power) and high frequency active sniffing behavior (7-10Hz) on maze. ( F ) Sniff phase was time-locked to initiation (odor) port poke-in. Gray color is inhalation, white is exhalation. 
Materials and Methods
All experiments and procedures were approved by the Champalimaud Foundation Bioethics Committee and the Portuguese National Authority for Animal Health, Direcção-Geral de Alimentação Veterinária (DGAV).
Animal Subjects
A total of 6 male adult Long-Evans hooded rats ( 4-6 months and weighing 450-550 g) were used in experiments. All 6 rats were used for behavioral analysis ( Fig. 1C and D ) , 3 rats were implanted for neural recordings ( Fig. 2 to 5 and all supplementary figures ) .
Odor-cued spatial navigation task
Rats were trained and tested on an odor-cued four-alternative spatial choice task where water was used as a reward based on tasks previously described ( 1 ) . Here, rats were trained on an elevated plus maze with open arms and a 25mm ledge. At the end of each arm there was one nose port which could deliver a light cue, odors, or water reward (modified from Island Motion) ( 2 ) . Each trial followed the structure of initiation/odor delivery, navigation, and reward. A trial begins with a light cue indicating the initiation port for that trial. Rats initiated a trial by nose-poking at the port indicated by a light cue. This triggered the delivery of an odor with a (uniform) random delay of 0.1-0.25 s ( Fig. 1A ). Initiation port location was pseudo-randomized within 10 trial blocks and balanced across all port locations. Rats were trained to stay in the odor sampling port for a minimum of 0.15s, after which they were free to leave ( Fig. S1 ). Odor delivery was terminated as soon as the rat exited the odor port. Following poke-out of the initiation port, a minimum two second time delay for choice/navigation is enforced ( Fig. S1 ) to discourage rats from their preference to stay at their current location to collect reward. After this delay period, water reward is available at the correct port location. Each odor was associated with one possible reward location (North, South, West or East). A poke in the correct location would yield a tone (80ms 3KHz) and a 30µl water reward while a poke in an incorrect port would yield an error tone (80ms white noise burst). A 4 to 6 seconds (uniform distribution) inter-trial interval (ITI) period started after the delivery of the reward. Reward was available for correct choices for up to 10 s after the rat left the odor sampling port. Water was delivered with a random delay from entry into the goal port drawn from a uniform distribution of 0.5-1.0 s. The task was designed and implemented using a RTLFSM and B-control as described previously ( 3 ) . A Point Gray Flea3 1.3MP camera was used to track the rat's behavior. The Bonsai framework ( 4 ) was used to interface with the cameras.
Odor stimuli
Odor delivery was controlled by a custom made olfactometer ( 3 ) . We used relatively low concentration of odorants (liquid dilution factor: 1:100 in mineral oil and further diluting 100 ml/min odorized air in a total of 1000 ml/min clean air stream). All odor stimuli (1-Hexanol, Caproic Acid, R-Limonene, and Amyl Acetate) were randomly interleaved during a session.
Training
Rats had free access to food, but water was restricted to the training sessions and 5-10 additional minutes of free access per day. Rats were trained in 45min sessions, twice a day, 5-7 days/week . Each training session was spaced 6-8 hours apart for motivation. To prevent over-training, in 20% of trials (pseudo-randomly interleaved), the correct choice is indicated by a light cue at the correct goal port (answer trials). In the remaining 80% of trials, all 4 possible goal ports are lit (question trials). A threshold of 75% correct for question trials ( chance is 25%) is taken as performance criterion. All behavioral and neural data analysis were restricted to question trials only.
Microdrive implant
After reaching an asymptotic performance in behavioral training, each rat was implanted with a custom-designed and 3D printed multielectrode drive (based on microdrives designed in the laboratory of Dr. Loren Frank, U.C.S.F) (PolyJetHD Blue, Stratasys Ltd.) with 24 independently moveable tetrodes (based on design from the laboratory of Dr. Loren M. Frank., UCSF). Tetrodes (Ni-Cr, California Fine Wire Company) were gold plated to reach an impedance of 250 kΩ at 1 kHz. Implanted recording drives had two cannulas that targeted both pPCx (19 tetrodes, cannula angled at 19 degrees away from the midline), and dorsal CA1 (5 tetrodes, vertical cannula). Cannulas were centered at the following coordinates: right pPC -2.2 mm AP and 3.0 mm ML, right dorsal hippocampal CA1 (−4.2 mm AP and 2.0 mm ML). LEDs were attached to the microdrive and used for video tracking of rat position.
Neural recordings
After 10 days of post-operative care and recovery, rats were water restricted and trained in the same manner as the pre-surgery period. Tetrodes were adjusted every 2 days post-surgery to reach the target coordinate, guided by depth, LFP, and spiking patterns. Before starting recordings, animals were retrained to reach similar accuracy levels as those achieved before surgery (>75% correct for question trials). Recording sessions were split into two 45min behavioral blocks with a 15-20min rest period in between blocks to allow for rats to rest and consume food in a separate box. During this time, surfaces of the maze and port were cleaned thoroughly with enzymatic cle aner (Henry Schein Medical) and disinfectant ( VirkonTM-S, and 70% ethanol ) . Electrical signals were amplified and recorded using the Cerebus data acquisition system (Blackrock Microsystems, Utah). Thresholded events were recorded at 20kHz (for spike sorting), continuous signal was recorded at 2kHz (for LFP). Tetrode depths were adjusted at the end of each session in order to sample an independent population of neurons across sessions. The locations of tetrode tips during each recording session were estimated based on their depth and histological examination based on electrolytic lesions and the visible tetrode tracks (Fig.  S2 ). Rats performed 1 session per day, and a total of 44 recording sessions were obtained from 3 rats.
Recording and analysis of respiration pattern:
To monitor sniffing, during drive implantation, a temperature sensor (custom T-type probe, 44ga., Physitemp Instruments) was implanted in one nostril, and respiration patterns were monitored as a temperature change in the nasal cavity as described previously ( 3 ) . Signals from nasal thermocouple were amplified, filtered between 0.1 and 475 Hz and digitized at 2,000 Hz. For analysis, voltage signals were further low-pass filtered (< 50 Hz). Onset of inhalations and exhalations were identified as local maxima and minima of the signals semi-automatically using custom software.
Histology
To verify the ultimate location of the tetrodes, electrolytic lesions were produced after the final recording session (30 μA of cathodal current, 3 s). Rats were deeply anesthetized with pentobarbital and perfused transcardially with 4% paraformaldehyde (wt/vol in PBS). The brain was sectioned at 50 μm and stained with Cresyl violet solution to observe sites of electrolytic lesions ( Fig. S2 ).
Data Analysis
All data analysis was performed with custom-written software using MATLAB (Mathworks). No statistical methods were used to pre-determine sample sizes.
Behavioral bias analysis:
Delta bias is the change in probability of choosing a particular location in the next trial as a consequence of the outcome of the current trial. We can express this as:
Where t is the current trial; location Loc ∈ {North , South , West , East} and reward R ∈ {0,1} . The Location bias is defined as the delta bias of repeating the same location and results from fixing the Location and conditioning the analysis to rewarded and non rewarded trials:
The same analysis was performed for actions by substituting Loc for Action ∈ {Left, Right, Forward, Stay}.
Spike Sorting:
Single units were isolated offline by manually clustering spike features derived from the waveforms using spike-sorting software provided by D. N. Hill, S. B. Mehta, and D. Kleinfeld ( 5 ) . Single-units recorded on more than one session, as judged from the spike waveform and the firing pattern, were excluded from the analysis, but the results were not affected by the inclusion of all units. Recordings from outside the pPCx or CA1 were excluded from the analysis. We also excluded units with < 200 spikes in a given session. As in other cortical areas, neurons could be classified into two categories: wide-spiking (width > 0.2 ms) and narrow-spiking neurons (width < 0.2 ms). The width was determined as the time between a peak and a trough of the mean spike waveform. About 4 % (39) of recorded neurons fell into the category of narrow-spiking neurons. Overall, pPC neurons had spontaneous firing rates of 2.79 ± 3.74 Hz (mean ± S.D.). Spontaneous firing rates of wide-spiking neurons were significantly lower than those of narrow-spiking neurons (2.23 ± 2.49 Hz; 16.41 ± 3.43 Hz; mean ± S.D., respectively). Both categories of cells were included in the analyses but exclusion of narrow spike neurons did not affect the main conclusions.
Single neuron analysis: Odors :
In order to obtain instantaneous firing rates (e.g. for Peri-event time histograms, PETHs), spike events were convolved with a Gaussian filter (S.D.: 25 ms) ( Fig.  2B ). To identify responses of individual neurons that were significantly changed with odor stimuli, we compared the firing rate of a 1 second time window after odor onset to a 2 second time window immediately prior to odor onset using the Wilcoxon rank sum test, p<0.05 ( Fig. 2F  and G ) . To identify neurons that were odor selective ( Fig. 2E ) , we compared the firing rate during a 1 second time window after odor onset across the four odor stimuli using an ANOVA-test, p<0.05. Locations : Responsiveness of individual neurons to port locations ( Fig. 2H and I ) was evaluated by comparing the firing rate of a 1 second time window after port poke-in with a 2 second time window immediately prior to poke-in at different port locations using the Wilcoxon rank sum test, p<0.05. Port location selectivity of individual neurons ( Fig. 2E ) was obtained from comparing activity across locations in the firing rate map (see ' Analysis of firing rate on maze' section below) using ANOVA-test.
Analysis of firing rate on maze: For firing rate heat map visualization ( Fig. 2 B to D, l, Fig. 4B,  Fig. S3 ), rat positions (tracked by LED on the microdrive) was cropped by the width and length of the maze (1 meter x 1 meter) divided into 4 x 4cm bins. Mean firing rate for each position bin normalized by occupancy was obtained and then smoothed with a gaussian kernel (S.D.: 2cm).
Firing rate heat maps for individual odors ( Fig. 2Biii, Ciii, and Diii ) were obtained sorting trials by odor identity, and obtaining the firing rate meap map for all concatenated trials of the same odor. Responses for each neuron used for location selectivity and correlation analysis was obtained from dividing the maze into 20 x 20 cm bins. The mean z-scored firing rate for the position bin centered on each port was taken as location response.
Analysis of population activity across epochs ( Fig. 4 ): Initiation and goal epochs were defined as 1 second time windows centered around initiation and goal port poke-in times, respectively. Inter-trial interval (ITI) epoch was defined as the 4-6 second time window enforced in between trials.
Population correlations ( Fig. 2M, Fig. 3B and C, Fig. 4C and D, Fig. S5 ) :
Odor : Population odor response vectors consisted of mean z-scored firing rate of neurons within a 1 second time window after odor onset. Location: Population location response vectors consisted of mean z-scored firing rate on the maze as described above in the ' Analysis of firing rate on maze' section. Pearson's correlation coefficient were used for reported correlation coefficients. Qualitatively similar results were obtained using Spearman's rank correlation coefficient.
Pseudopopulation decoding ( Fig. 3D ) : Subsets of neurons were sampled from across recording sessions. Population sizes were sampled at sqrt(2) increments up to the total number of available neurons leading to pseudopopulations of 2-725 (pPCx) and 2-91 (CA1). Neuronal responses were concatenated into a matrix, arranged so that each row contained responses to a particular (odor/location). Because different sessions contained different numbers of trials, a random subset of responses from each neuron was excluded so that the number of trials per category was consistent across neurons in the pseudopopulation. For each population size, the sampling procedure was repeated 10 times. Each neuron's mean firing rate was calculated during a one second time window after odor onset. Trials were labeled 1-4 according to the odor sampled (for odor decoding) or port location (for location decoding), and arranged into a T (# trials)-element vector. The procedure was repeated with shuffled labels to determine chance-level performance (black line in Fig. 3D ). Sessions with fewer than 400 trials per session was excluded, since it would lead to overall fewer usable trials in the entire pseudopopulation analysis.
Population decoding ( Fig. 3E and F ) : For per-session decoding, neuronal firing rates were arranged into a matrix of size T (# trials) x N (# neurons). Trials were labeled 1-4 according to the odor sampled (for odor decoding) or port location (for location decoding), and arranged into a T (# trials)-element vector. This matrix was normalized by taking the z-score of each column (so that each neuron's firing rate was standardized). The vector of labels and matrix of firing rates were fed into a linear, multi-class SVM classifier (libsvm for MATLAB, Software available at http://www.csie.ntu.edu.tw/~cjlin/libsvm ( 6 ) ) using 5-fold cross validation. Chance-level classification was estimated by running the same classifier on shuffled labels. For pre-vs-post odor decoding ( Fig. 3F ), time windows of 1-second before and after initial poke-in were used. For decoder time courses ( Fig. 3E ), 200-ms non-overlapping windows were used. Data sessions with fewer than 8 pPCx neurons were excluded because it had substantially fewer simultaneously recorded cells.
Identification of CA1-LFP:
For each rat, the 96-electrode LFP data was represented as a 96-dimensional matrix sampled at 40 Hz. Each row of this matrix (representing a single electrode time series) was high-pass filtered using Matlab's zero-phase 'filtfilt' function, and a 2Hz, 2nd order Butterworth filter. The resulting matrix was truncated to include only the time window [-1.5s, 2s] around the time of all trial-initiating poke-ins taking place within a session. For a given rat, the procedure was repeated for all sessions, and the resulting matrices were concatenated into a single matrix. In summary, this pre-processing captured each animal's multi-electrode LFP during odor sampling and across sessions. SVD was applied to the resulting matrix, and the trial-averaged spectrograms (see below) of the top 10 components were visualized. To identify hippocampal theta, we looked for a component with power in the~8 Hz band ( 7 ) . For each rat, we picked the highest-variance component of this sort. Two additional lines of evidence suggested that we successfully identified theta: 1) theta power decreased around the time of poke-in, consistent with the observation that theta power decreases during periods of immobility ( 7 ) ; and 2) the components showed strong coherence with identified hippocampal spiking activity at ~8 Hz (see Fig. 5B , bottom right panel) ( 8 ) .
